Introduction {#Sec1}
============

Undoubtedly, one of the most important challenges in the design/synthesis and performance evaluation of gas hydrate inhibitors is their solubility in water, particularly since it had been demonstrated that hydrates cause blockages of hydrocarbon pipelines (1933--1944)^[@CR1]^. High pressure, low temperature, water and guest molecules like light hydrocarbons, such as methane, ethane and propane provide conditions for the formation of non-stoichiometric crystalline solid compounds, called gas hydrates (or/also clathrates). Gas hydrates are attractive objects for researchers, not only because of their negative aspects in oil and gas production. For instance, these compounds will be beneficial when they are used as energy carriers in the future. Moreover, they could be used in desalination, refrigeration, gas storage and gas separation^[@CR2]--[@CR10]^. In general, these applications take advantage of the hydrates formation and decomposition cycles. Thus, some researchers have focused on the synthesis and design of promoters for creating mild conditions of crystallization or increasing the kinetics of hydrate formation, in order to reduce process expenses^[@CR11],[@CR12]^. On the other hand, the formation of gas hydrates can give rise to several problems, like flow assurance issues and plugging in hydrocarbon pipelines and their processing equipment. Using chemical reagents is one of the best ways to effectively deal with this problem. The most widely used among them are thermodynamic hydrate inhibitors (THIs) such as methanol, ethylene glycol and etc. These reagents decrease the temperature of gas hydrate formation. However, THIs are only efficient at high concentrations. This leads to the high cost of their use and causes environmental risks. The main alternative of THIs are low-dosage hydrate inhibitors (LDHIs)^[@CR13]^. LDHIs can be divided into two major categories: kinetic hydrate inhibitors (KHIs) and anti-agglomerants (AAs). They have received increasing attention in both academic and industrial fields because of their better economic and environmental performances. KHIs present water-soluble substances (usually polymers) that help to delay effectively the hydrate formation in time to ensure transport of the fluid without blocking of pipelines^[@CR14]^. Many categories of chemicals, such as various types of poly-*N*-vinyllactam, hyperbranched poly(esteramide)s, poly-ester pyroglutamates, maleic copolymers, alkylamide derivatives, acrylamide, amine oxide derivatives polyaspartamides, modified starch, starch derivatives, polymeric hydrogels and amino acids were investigated as KHIs^[@CR13]--[@CR16]^. AAs are mainly surfactants and convert hydrates to non-sticky and transferable slurry. In the literature, there is evidence that AAs have better performance than KHIs in some conditions such as higher subcooling or longer transportation distances^[@CR17],[@CR18]^. In previous reports^[@CR19]--[@CR22]^, it has been proved that any KHI with a hydrophilic tail and/or hydrophobic section interacts with water molecules. As a result, the hydrogen bonds network in aqueous solution is disturbed and the hydrate formation mechanism is slowed down. Moreover, if the KHI has functional groups such as aromatic or cyclic structures and alkyl chains in its hydrophobic part, it can interact with water molecules more than other KHIs without any functional groups. Because of a stronger steric hindrance effect, the inhibition effect is then increased, provided that the water solubility of the inhibitor is sufficient in the critical temperature range of hydrate formation^[@CR23],[@CR24]^. In fact, increasing the length of hydrocarbon chain, branching the pendant chain and the steric hindrance effect play a vital role in the kinetic inhibition mechanism of KHIs. Continuing with our interest in the inhibition of hydrate formation by kinetic hydrate inhibitors, we attempted to develop a novel and powerful application of a special group of polymers based on waterborne called "waterborne-based polymers" for design and synthesis of KHIs in order to achieve the best performance in the hydrate formation inhibition (Fig. [1](#Fig1){ref-type="fig"}). These waterborne poly urea/urethanes (WPUUs) were synthesized by a simple method, since available monomers and the final polymer do not need any purification. Also, as polyurethanes represent a group of polymers with very high demand in industries, they may be used as a new class of commercial KHIs. Given that the conventional products of polyurethanes (PUs) generally contain a considerable amount of organic solvents and free isocyanate monomers, and concerns about volatile organic chemicals (VOCs) and hazardous air pollutants (HAPs), waterborne polyurethanes (WPUs) have attracted more attention as one of the greenest replacement because of their eco-friendly and non-toxic nature. In comparison with production method of PUs, WPUs are produced at least of amount of VOCs during their curing process. Moreover, they can be modified easily^[@CR25]--[@CR27]^. Waterborne polymers have several advantages. Firstly, they are hydrophilic and hygroscopic and these features help them to create a homogeneous phase with water. In addition, they have functional groups such as urethane or hydroxyl groups and they can form intermolecular hydrogen bonds with the water molecules. The last but not least is that, these polymers with linear or cyclic alkyl groups can create a gap among water molecules and lead to disruption of hydrogen bonds among them. Thus, they can prevent hydrate formation successfully. Ionic liquids also have some of these features similar to waterborne, but there are two limitations in their synthesis. One limitation is that many of them are expensive, corrosive and not biocompatible. A second weakness, these compounds usually have low molecular weight^[@CR28]--[@CR30]^. In this work we introduce a new application of waterborne technique for synthesis of KHIs in order to use a variety of polar and non-polar groups for getting the polymer structure with expected properties. This technique not only has no limitation on the solubility in water, but it also will provide reasonable performance for KHIs.Figure 1Synthesis of waterborne poly urea/urethanes (WPUUs).

Results and Discussion {#Sec2}
======================

High-pressure autoclave cell {#Sec3}
----------------------------

### Gas uptake experiments {#Sec4}

Methane hydrate formation was evaluated by experiments performed in a high-pressure autoclave cell (Figs [2](#Fig2){ref-type="fig"} and [S5](#MOESM1){ref-type="media"}) and results summarized in Table [1](#Tab1){ref-type="table"}. The induction time was marked as time period before fast pressure decrease, which indicates the growth of methane hydrates. This process was visible through a sapphire window and recorded by a camera (Fig. [3](#Fig3){ref-type="fig"}). Considerable delay in the induction time was observed in the presence of both Isophorone diisocyanate (IPDI) and hexamethylene diisocyanate (HDI)-based waterborne poly urea/urethane (WPUU) inhibitors (Table [1](#Tab1){ref-type="table"}). As can be seen, these results show that both IPDI inhibitors with \~3.8 kD and \~1.7 kD molecular weights are effective kinetic inhibitors since they delayed hydrate nucleation by an average of around 40 and 30 min (in 1 wt% samples), respectively, as compared to water, in which hydrates nucleated in \~2 min. It wasreported^[@CR31]^ that intermolecular forces between KHIs and nucleation sites are critical. However, inhibitors with capability to form a layer on the surface of a nucleus have a great effect in inhibiting hydrate formation. It was proposed that KHIs adsorb to heterogeneous nucleation sites in the aqueous phase and as a result delay hydrate nucleation^[@CR31],[@CR32]^. With regard to this interpretation, it can be said that functional groups of WPUUs (urethane, urea or hydroxyl groups) can form intermolecular hydrogen bonds with the water molecules. In other words, these interactions dramatically reduced the number of hydrogen bonds among water molecules. As a result, a strong interaction with nucleation sites leads to significantly inhibit hydrate nucleation compared to pure water. It should also be noted that, as in the case of cubic structure I (sI) of methane gas hydrates, it was reported that strength of inhibitors is dependent on molecular weight of the polymer; lower molecular weight KHIs displayed better strength of inhibition^[@CR33]^. In this study it is also clear that WPUUs with the medium and low molecular weight can cause more delay in the hydrate nucleation compared to a high molecular weight WPUU at the same conditions. This is probably due to the fact that, according to the perturbation mechanism for inhibiting nucleation WPUU with lower molecular weight might have better mobility in the water phase due to its low viscosity. Thus, the low molecular weight polymer is more successful in disrupting the water structure compared to higher molecular weight polymers. In fact, alongside several parameters such as steric hindrance and power of hydrogen bonding, optimum molecular weight of polymers has a significant effect for kinetic hydrate inhibition. Another interesting point should be noticed in Table [1](#Tab1){ref-type="table"}: IPDI-based WPUU has better nucleation inhibition performance compared to HDI-based WPUU. Probably it can be said that in the IPDI-based WPUU the presence of cyclic groups in the back-bone of polymer instead of hexamethylene groups in the HDI-based WPUU can lead to more disruption in the local water structure. Hence it is also quite clear that, IPDI-based WPUU was a more effective inhibitor than HDI-based WPUU since it delayed nucleation by a factor of 14.87 and HDI-based WPUU delayed by a factor of 10.99 (in 1 wt% low molecular weight samples) in comparison with pure water. In these conditions (2 °C and 9 MPa) the induction time for water + Anti-Freeze Protein (AFP) systems formed with AFP-III and AFP-I was reported as 8 and 24 min, respectively^[@CR34]^. Also it is reported that, in 274.15 K and 70 bar PVCap delayed nucleation time by a factor of 8.7 in comparison with pure water^[@CR35]^. It is clear that, the temperature of hydrate nucleation in the presence of WPUUs are significantly delayed compared to the AFP-III, AFP-I and PVCap.Figure 2Schematic of the high-pressure autoclave cell.Table 1Experimental conditions and induction times for methane gas hydrate formation at 2 °C and 9 MPa (standard uncertainties *u* are *u*(T) = 0.1 °C, *u*(P) = 0.005 MPa).CH~4~ (99.95%)No.Concentration (wt%)Induction time (min)Mean induction time, $\documentclass[12pt]{minimal}
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### Hydrate growth {#Sec5}

As seen in Fig. [4](#Fig4){ref-type="fig"}, growth of methane hydrates after \~360 min in reactor was observed by a decrease in pressure from 9 to \~3.6 MPa in pure water, but this was reduced only from 9 to 7 MPa in the presence of IPDI-based WPUU \~1.7 kD (in 1 wt% samples). This means that, in pure water system after 360 min \~60 wt% of methane converted to hydrate, while this value for aqueous solution of IPDI-based WPUU is \~22 wt%. These results clearly show that IPDI-based WPUU inhibitor helps to reduce hydrate growth significantly. It is believed, that developed KHIs can reduce hydrate growth by two mechanisms, including adsorption--inhibition and perturbation inhibition^[@CR31]^. Therefore, we propose that the reason for the variations in hydrate formation kinetics due to different inhibitors can be a difference in the perturbation of the water structure or in the adsorption to nascent hydrate crystals. Thus, these inhibitors not only have good solubility in water, but also functional groups of these inhibitors efficiently adsorb into the hydrate surface and disrupt the water structure. Thus, they are able to cause significant delay in the formation of hydrates. It should be noted that, it has been reported in previous works of different authors^[@CR36],[@CR37]^ that in laboratory experiments KHIs can induce significant increase of methane hydrates growth that has been called "catastrophic hydrate growth". This may be a critical problem if it occurs in a field application of KHIs. However, for inhibitors synthesized in this work the catastrophic hydrate growth is not observed (as seen in Fig. [4](#Fig4){ref-type="fig"}). They show opposite effect of decreasing the hydrate growth in three times comparing with pure water.Figure 4Hydrate formation profiles during autoclave (pressure drop) experiments at 2 °C: (**a**) pure water and (**b**) IPDI-based WPUU \~1.7 kD (in 1wt% samples).

High pressure micro-differential scanning calorimeter (HP-μDSC) {#Sec6}
---------------------------------------------------------------

### Hydrate formation {#Sec7}

DSC as a convenient tool to investigate hydrate formation/dissociation was used to determine the onset time/temperature of hydrate formation, as well as thermal behavior of hydrates formed (Fig. [S5](#MOESM1){ref-type="media"}). Figure [5](#Fig5){ref-type="fig"} demonstrates a typical DSC thermogram for methane + water system in the ramping method. In this condition, the onset nucleation temperature can be determined by the temperature at which the first peak in the curve is observed (See Fig. [5](#Fig5){ref-type="fig"}). During the cooling period, two peaks were observed that are related to the hydrate and ice formation^[@CR38]^. In contrast to water molecules, methane molecules have less contact with water and as a result the amount of ice formed should be greater than hydrate^[@CR39]^. This interpretation is compatible with the integrated area of the hydrate exotherm that is smaller than ice exotherm. On the other hand, the melting behavior confirms that the hydrate formation is less than the amount of ice formed. As seen in Fig. [5](#Fig5){ref-type="fig"}, during ramping runs when pure water was cooled from 20 to −35 °C, four separate exothermic peaks related to hydrate/ice and nucleation were observed in four different capillaries (circled as nucleation). Then with increasing temperature to 20 °C, two distinct endothermic peaks were observed (Fig. [5](#Fig5){ref-type="fig"}, circled as ice and hydrate melting). Ices formed were melted at \~0 °C and hydrate melting peak was observed at \~12 °C. Figure [6](#Fig6){ref-type="fig"} summarizes the onset nucleation temperature during cooling in the ramping experiments in the presence of WPUUs. In the fresh water the onset nucleation temperature was observed at around −12.8 °C. Hence, the performance of an inhibitor depends on the amount of delay in the onset nucleation temperature. From Fig. [6](#Fig6){ref-type="fig"} it can be clearly deduced that, WPUUs are able to decrease the average onset nucleation temperature from −12.8 °C to −18.01 °C depending on the type of WPUUs that have been used. To further confirm the accuracy of the results of autoclave tests, isothermal experiment with DSC was used to determine the induction time. Figure [6](#Fig6){ref-type="fig"} summarizes the results of the onset nucleation time in the isothermal tests in the pure water and WPUU systems. The results of Fig. [6](#Fig6){ref-type="fig"} show that, the onset induction time for pure water is 2.1 hour, while the presence of WPUUs increased the average onset induction time from 2.1 to 8.3 hour depending on the type of WPUUs that have been used. Similar to the autoclave results in the DSC isothermal tests, IPDI-based waterborne (\~3.8 kD) showed the best performance in increasing the induction time. These results are comparable with the work of Daraboina *et al*.^[@CR40]^, where in the presence of Luvicap the average onset induction time was increased from 2.3 (in pure water system) to \~6.2 hours. Also the similar trends in nucleation delay in the presence of these types of inhibitors were also seen in the high pressure autoclave experiments. It has been reported that, the performance of poly vinyl caprolactam (PVCap) is related to the molecular weight of the polymer. On the other hand, it is suggested that, the optimum molecular weight (Mw) for a KHI polymer to achieve the best performance is around 1500--3000. A possible explanation for the favorable molecular weight range is that the surface/volume ratio of the polymer can lead to the maximum perturbation of the surrounding water and the high mobility of the polymer in solution^[@CR32]^. The results of this work demonstrates that, in contrast to high molecular weight WPUU the sample with the medium molecular weight have better nucleation inhibition performance at the same conditions and also both of them have better performance than Luvicap-EG (low Mw polyvinyl caprolactam as a 41% solution in ethylene glycol solvent)^[@CR40]^. Similar to the high-pressure autoclave experiments, these results show that these WPUUs are strong nucleation inhibitors. In fact, design/synthesis of new inhibitors with optimal molecular weight is one of the most striking differences between waterborne technique and ionic liquids.Figure 5Typical DSC cooling and heating curves (pure water) obtained using the temperature ramping method in which the temperature of the samples is dropped from +20 to −35 °C and then reheated, all at 9 MPa.Figure 6Onset nucleation temperature and time in fresh water (with/without inhibitor) during temperature ramping and isothermal experiments (number of experiments = 3, and error bars represents standard deviation (SD)).

### Hydrate decomposition {#Sec8}

To investigate the melting behavior of hydrate formed in temperature ramping the temperature was raised at 0.25 °C/min up to 20 °C. Figure [7](#Fig7){ref-type="fig"} shows the ice/hydrate melting peaks for water, IPDI/HDI-based waterborne solution during the heating cycle. As can be seen clearly, the multiple hydrate melting peaks were obtained with WPUUs. This is due to the fact that the hydrate formed in the presence of WPUUs was heterogeneous (the multiple hydrate melting peaks) in comparison with the homogeneous (the single peak) melting observed with water sample. It has been reported that, kinetic inhibitors such as PVCap leading to a higher dissociation temperature compared to hydrates formed in the uninhibited systems, or that they increased the time required for complete hydrate decomposition^[@CR41],[@CR42]^. As a result, further energy is needed to eliminate hydrate plugs formed under conditions where these kinetic inhibitors are applied, even at their lowest concentrations^[@CR41]--[@CR44]^. Two possible reasons have been proposed for higher hydrate dissociation temperature in the presence of KHIs. Firstly, the formation of more hydrates and secondly, increased hydrate stability, which then takes longer to melt. Contrary to this, the amount of hydrates formed in the presence of WPUU is much less compared to pure water (seen in Fig. [4](#Fig4){ref-type="fig"}). On the other hand, decreasing in the hydrate dissociation temperature has been achieved in the presence of WPUUs and the final dissociation point has remained almost unchanged (Fig. [7](#Fig7){ref-type="fig"}). So, it can be concluded that, these new KHIs not only can delay the induction time and reduce the hydrate growth rate, but also they would not increase hydrate dissociation temperature in comparison with pure water. Hence, this is a valuable and promising result for KHIs field applications. Moreover, the decomposition data for all KHIs based on IPDI clearly indicate thermodynamic inhibition. Decomposition temperature of methane gas hydrates in presence of proposed KHIs is lower than in pure water.Figure 7Typical hydrate melting curves in the presence or absence of WPUUs at 9 MPa using the temperature ramping protocol.

Conclusions {#Sec9}
===========

In this study, we report for the first time the use of waterborne polymers as a novel class of powerful inhibitors to prevent the formation of methane hydrates. The performance of these new KHIs as inhibitors was investigated by high pressure micro-differential scanning calorimeter (HP-μDSC) and high-pressure autoclave cell. The results of both analyses demonstrated the high performance of these inhibitors in delaying the induction time and reducing the hydrate growth rate. Also in contrast with pure water, for inhibitors synthesized in this work the catastrophic hydrate growth is not observed and they would not increase hydrate dissociation temperature. This is the first report of the use of waterborne polymers as kinetic hydrate inhibitor and more research is needed in different conditions (specially for sII hydrates) to improve their performance. We believe that these results will provide new insight in synthesis/design of KHIs with high performance. Currently, our group is investigating the performance of waterborne polymers as anti-agglomerant hydrate inhibitors. This technique can inspire new ideas for synthesizing novel KHIs with higher inhibition performance.

Experimental Section {#Sec10}
====================

Materials {#Sec11}
---------

Isophorone diisocyanate (IPDI) and hexamethylene diisocyanate (HDI), polyethylene glycol 400 (PEG), triethylamine (TEA) and deuterated dimethyl sulfoxide-d~6~ (99.8% d) were purchased from Sigma-Aldrich. 2,2-Bis(hydroxymethyl)propionic acid (DMPA), ethanolamine (EA) and tetrahydrofuran were obtained from Merck Chemical Co. All reagents were used without further purification. Methane gas of 99.95% purity was used for experiments. Water used for methane hydrates formation experiments and for preparation of inhibitors solution of desired concentration was carefully purified. On the first step it was twice distillated. On the second step it was deionized using Arium mini plus ultra-pure water system (Sartorius, Germany) to achieve resistivity 18.20 MΩ·cm at 25 °C.

Characterization methods {#Sec12}
------------------------

NMR spectra were recorded on a Bruker Avance400-MHz. The spectra were recorded with a frequency of 400 MHz by using DMSO at room temperature. The chemical shifts were referenced to the solvent signals. Infrared spectra (600--4000 cm^−1^) were obtained using a Vertex 70 FTIR spectrometer (Bruker, Germany) equipped with single reflection ZnSe crystal ATR accessory (MIRacle, PIKE Technologies). Background spectra of 128 scans at a resolution of 4 cm^−1^ were subtracted from the sample spectra. The data was processed through program OPUS 7.2 (Bruker).

### Synthesis of waterborne poly urea/urethane (WPUU) {#Sec13}

Waterborne poly urea/urethanes (WPUU)s were synthesized without using any catalyst and Fig. [1](#Fig1){ref-type="fig"} shows the procedure and conditions of synthesis of (WPUU). Briefly, the IPDI or HDI, PEG 400 and DMPA were added to a three-necked flask powered by a mechanical stirrer, nitrogen inlet, condenser, and thermometer. Table [S1](#MOESM1){ref-type="media"} summarized the molar ratio between the NCO groups of the IPDI or HDI, the OH groups of the PEG 400, and the OH groups of the DMPA. The reaction mixture was heated at 70 °C for 30 min to obtain a homogeneous mixture because it is critical for the resulting identical uniform distribution of hydrophilic monomer, DMPA, on the polyurethane main chain. After that, the reaction was followed at 85 °C for 2 hours under a dry nitrogen atmosphere, and 30 ml of THF was added to reduce the viscosity of the system. After 2 hours, EA was added to the system and the reaction was continued for 5 hours at 70 °C. After polymerization, the reaction mixture was cooled to ambient temperature and then neutralized by the addition of TEA (1.2 equivalent per DMPA), followed by dispersion at high speed with deionized water to prepare the WPUU (Fig. [S1](#MOESM1){ref-type="media"}). It should be noted that, although polyurethanes are non-toxic, but they can produce toxic substances during their degradation process^[@CR45]^. ^1^H NMR (400 MHz, DMSO-d6) δ 7.34--6.83 (m, 1H), 5.87 (s, 0H), 4.10--3.96 (m, 3H), 3.62--3.50 (m, 7H), 3.51 (s, 22H), 3.42 (t, J = 5.0 Hz, 1H), 3.04 (p, J = 5.9 Hz, 1H), 2.72 (s, 1H), 2.68 (q, J = 6.9 Hz, 1H), 2.09 (s, 3H), 1.45 (s, 3H), 1.08 (s, 1H), 1.02 (t, J = 5.9 Hz, 1H), 1.01--0.90 (m, 9H), 0.87 (t, J = 3.9 Hz, 5H), 0.82--0.74 (m, 2H). ^13^C NMR (101 MHz, DMSO-d6) δ 181.25, 158.94, 157.28, 155.83, 72.79, 70.23, 69.35, 64.46, 63.59, 63.37, 61.33, 60.66, 54.76, 53.70, 47.04, 45.94, 44.34, 42.51, 41.81, 40.19, 39.98, 39.78, 35.45, 31.86, 31.15, 30.38, 28.05, 27.95, 23.64, 23.57, 10.77.

Apparatus and procedure {#Sec14}
-----------------------

### High-pressure autoclave cell {#Sec15}

Figure [2](#Fig2){ref-type="fig"} shows a schematic description of the high-pressure autoclave cell with sapphire windows (model 2929 0000, TOP INDUSTRIE, France). The gas uptake tests were carried out in a high-pressure autoclave cell to measure hydrate induction times in the pure water and WPUU solutions (Fig. [S5](#MOESM1){ref-type="media"}). To measure the induction time of the WPUUs, we chose the detection of pressure difference as an indicator. The autoclave thermocouple and pressure sensor were calibrated by the producer. Also, standard uncertainties (*u*) of temperature and pressure measurements for this instrument were determined and were equal to *u*(T) = 0.1 °C and *u*(P) = 0.005 MPa. During the formation of gas hydrate, methane is encaged into the hydrate structure, therefore the system pressure decreases. A sudden pressure drop and temperature rise indicates the formation of gas hydrates. Thus, from the beginning of the test, the temperature and pressure were continuously monitored while gas hydrate formation occurred. To determine the nucleation delay time of methane hydrate formation, selected WPUU samples were prepared as an aqueous solution with a specified concentration. A volume of 30 ± 0.1 ml of solution was charged in a 30 ml autoclave cell that was prepared at 2 °C and under vacuum to avoid the possibility of remaining gases. Methane gas with a nominal purity of 99.95% was then injected into the cell at a pressure of 9 MPa. After approximately 20 minutes, the high-pressure autoclave cell was reached at 2 °C and the solution was stirred at 400 rpm with a magnetic spin bar during the whole experiment. The time zero was assigned at the point when the desired autoclave cell pressure and temperature had been reached. It is known that gas hydrate formation consists of three parts including, gas dissolution, nucleation and growth of crystals. Hence, we defined the induction times of the corresponding sample under conditions reached at the end of the dissolution step. After starting stirrer, the solution, the pressure of the methane and temperature were recorded. Once the formation of the hydrate began, an abrupt decrease in pressure was clearly seen as seen in Fig. [4](#Fig4){ref-type="fig"}. Pressure and time, at which hydrates started to form (Ts and Ps) were recorded and selected as the onset nucleation hydrate formation. Time from the beginning to Ts was chosen as "the induction time". The induction time of each sample solution was measured during three parallel experiments and their scattering values due to the stochastic nature of nucleation were averaged. The induction time for hydrate formation in pure water measured at 2 °C and 9 MPa in our work (which is equal to 2 minutes) coincides well with literature data (also is equal to 2 minutes)^[@CR34]^, and confirm reliability of our measurements.

### High pressure micro-differential scanning calorimeter (HP-μDSC) {#Sec16}

A high-pressure micro differential scanning calorimeter SETARAM 7 evo (HP DSC) powered with two 1 ml cells stable to high pressure was applied to evaluate the thermal behavior of ice and hydrate (Fig. [S5](#MOESM1){ref-type="media"}). A gas pressure panel was used to control the pressure. This panel has a piston which can be used to charge automatically the sample with methane at pressures ranging from 0.1 to 100 MPa. The μ-DSC can also be applied to investigate thermal behaviors of hydrates and ice at these pressures and at temperatures between −45 °C and 120 °C. The thermal sensors in the calorimetric furnace directly measure the heat flow exchanged between the reference and sample cells and the temperature-programmed furnace. The instrument was calibrated using standard sample of pure naphthalene provided by Setaram. The melting temperature (80.3 ± 0.1 °C) and the enthalpy of fusion (19.01 ± 0.09 kJ mol^−1^) of naphthalene measured in this work were in excellent agreement with recommended literature data *T*~*m*~ = 80.4 °C and Δ~*fus*~*H*~*m*~ = 19.06 ± 0.08 kJ mol^−1^ ^[@CR46]^. This fact confirms the reliability of heat and temperature values measurements by our calorimeter. To increase the surface area (or to overcome the mass transfer resistance) in DSC cell, water or aqueous solution (2 μl) was added into capillaries (2.3 mm diameter and 0.9 cm length, four in our case) with a micro syringe according to method proposed previously^[@CR40]^. Capillary tubes were then placed inside the HP-μDSC cell and each test was reproduced three times. To supply the required test pressure methane was injected in the sample cell and afterward temperature programs were started. DSC analysis was used to measure onset nucleation temperature/time using the temperature ramping and isothermal modes. Hence, after the pressure inside the cell was reached 90 bar, ramping tests were carried from 20 to −35 °C then was raised from −35 to 20 °C at a heating/cooling rate of 0.25 °C/min. On the other hand, to determine the hydrate nucleation onset time isothermal method was applied. In this method the temperature was decreased quickly from 25 °C to −12 °C at 1 °C/min and was fixed at −12 °C for 10 hours. The onset nucleation processes were detected as starting temperature of exothermic peaks with evolution of time at −12 °C. After 10 hours, the temperature was increased similar to ramping method to record hydrate melting. Three experiments were performed for each sample with 1 wt%.
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